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INTRODUCTION 

Carbohydrates are energy sources and amino acids are the 

building blocks of proteins which are required by all living 

cells. Before animal cells can utilize these important nut-

rients they must be absorbed by the intestine. Therefore, 

an understanding of how nutients are absorbed by intestinal 

epithelia is an important issue for nutrition and physiolo-

gy. 

There is a lack of interest in ruminant intestinal ab-

sorption because of the unique situation provided by rumen 

fermentations. Rumen microbial fermentation of carbohyd~ 

rates removes the need for absorption of glucose by the 

small intestine except in conditions of high starch bypass. 

Also, the discovery that rumen microbes synthesize amino 

acids essential to the anJmal, reduced interest in ruminant 

amino acid nutrition. Recent interest in dietary sources of 

nondegradable protein has increased our need to understand 

digestion and absorption mechanisms in the small intestine. 

Suitable in vitro methods to investigate transport me-

chanisms of plasma membranes are essential to further under-

standing of nutrient absorption. In vivo methods, such as 

arterio-venous difference and substrate disappearance from 

the intestine have proved too complex to understand detailed 
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mechanisms. The "ideal" in vitro technique should allow 

study of the membrane intact but removed from complications 

such as cell metabolism, compartmentalization, and unwanted 

membranes. Membrane vesicles as a tool to study membrane 

transport is probably as close to the ideal method which is 

available with present technology. 

The purpose of this study was to isolate and characterize 

brush border membrane vesicles from bovine small intestinal 

epithelia. Transport of D-glucose and several nutritionally 

important amino acids were investigated. 

Application of this method to ruminant intestine should 

enhance our understanding of ruminant intestinal absorption. 

Understanding the complexities of nutrient interactions in 

the small intestine should lead to improved animal nutrition 

and animal performance. 



LITERATURE REVIEW 

GENERAL PROPERTIES OF · MEMBRANE TRANSPORT 

The two most common components of membranes are lipid and 

protein. The lipid portion: of mammalian plasma membranes is 

composed mostly of the phospholipids, cephalin and lecithin. 

For most of this century the barrier action of the membranes 

was attributed to the lipid portion. For many nonelectro-

lytes a linear relationship between their permeability coef~ 

ficient.s and partition coefficients in olive oil and water 

was notted. However, many molecules including monosacchar-

ides sHowed aberrant behavior because their observed perme-

abi li ti1es were much higher than predicted from their solu-

bility in lipid. When mediated transport is the major route 

of migr1ation for a substance, lipid solubility is no longer 

a valid predictor. 

Because plasma membranes form such a thin "skin" around 

the cel!l it is invi.sible to the light microscope and histor-

ically there was much debate as to whether plasma membranes 

actually existed at· all. With the development of the elec-

tron mi~roscope came the discovery of the plasma membrane 

which c0nsistently showed a trilaminar appearance. During 
,· 

the 1940's and 19SO's Davson and Danielli postulated a model 

to explain membrane structure.and the trilaminar appearance 

3 
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of electron micrographs. It was already realized that phos-

pholipids, because of their polar structure, would form 

mono- and bimolecular layers at the interface between water 

and nonpolar solvents. Briefly, the Davson-Danielli model 

stated that membranes were composed of a bimolecular layer 

of phospholipid sandwiched between two layers of protein. 

It was thought that the darker staining outer bands of elec-

tron micrographs corresponded to the protein layers, while 

the lighter middle band was phospholipid. Later, it was 

found that the stain employed (osmium tetroxide) was bound 

mostly to the phospholipid. Therefore, the trilaminar 

structure was actually just the phospholipid bilayer. To 

explain mediated transport, the model included polar pores 

distributed throughout the membrane. These pores would 

penetrate the full thickness of the· membrane and allow for 

selective migration of substances by the repeated formation 

and disruption of hydrogen bonds within the pore region. 

By the mid 1960's evidence began to accumulate which 

could not be explained by the Davson-Danielli model. Mem-

branes were discovered (e.g. inner mitochondrial membrane) 

which were so rich in protein that essentially their entire 

mass could be accounted for without a lipid fraction. Also, 

x-ray diffraction studies revealed spherical particles and 

globular proteins we~e isolated from membranes. Globular 
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proteins could not be worked into the sandwich type struc-

ture easily. Finally, freeze fracture studies revealed 

knobby structures which appeared to span the lipid bilayer. 

The above lines of evidence lead to the current theory of 

transport which states that most nutrients including elec-

trolytes are transported by the protein subunits inter-

spersed throughout the lipid bilayer. These proteins are 

referred to as carriers, mediators, pathways, or systems. 

Transport mediators have a number of properties including 

substrate group specificity, obey saturation kinetics, and 

temperature dependence. The mediators for amino acid and 

sugar transport depend on Na+electrochemical gradients which 

is.the basis for the Na+ gradient hypothesis. This hypothe-

sis states that non-electrolyte transport is coupled to the 
+ flux of Na down a concentration gradient. A concentration 

gradient for Na+ (High Na+ outside, low Na+ inside) is main-
+ + + tained by active pumping of Na out of the cell by [Na /K ] 

ATPase coupled to the hydrolysis of adenosine triphosphate 

(ATP) (84), Intestinal and renal epithelia are unique in 
+ + that Na /K ATPase is located only in\the basal-lateral mem~ 

branes. + Therefore, Na -dependent transport proteins of the 
+ brush border membrane rely on exogenous Na and very low in-

tracellular Na+ concentrations for function. 
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Although the above characteristics of mediated transport 

are fairly established, there remains debate concerning num-

ber and specificity of transporters. This confusion is due 

in large measure to the fact that isolation and purification 

of specific transporters has been lacking. Transport pro-

teins resemble enzymes in many respects including kinetic 

properties but there is one significant functional differ-

ence. Whereas, enzyme reactions result in chemically al-

tered products, transport reactions yield the same product 

only translocated. After isolation and purification, the 

translocation function must be demonstrated in an artificial 

membrane system. Attempts at isolation thus far have met 

with minimal success. 

AMINO ACID TRANSPORT IN EHRLICH CELLS 

Amino acid transport has been studied extensively with 

the Ehrlich cell. Early work (13, 14, 70) characterized 

multiple pathways for amino acid transport by Ehrlich as-

ci tes tumor cells. These experiments provided the basic mo-

del for amino acid transport by non-epithelial tissue. 

The heterogeneity of amino acid transport was first dis-

cussed by Christensen and coworkers (14, 15, 16) and Newey 

and Smyth (68). Employing inhibition analysis to amino acid 

transport yielded a ~onflicting pattern (16). Non-recipro-
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cal inhibition of amine acids led to the conclusion that at 

least two transport systems contribute to uptake of neutral 

amino acids. For Ehrlich cells Christensen distinguished 

four general pathways of amino acid transport which he 
+ termed A, ASC, y , L and a specific glycine (GLY) system 

(17). Except for the GLY system, there was considerable ov-

erlap of substrate affinities. For example, almost all neu-

tral amino atids had some affinity for the Na+-dependent A 

system except praline (PRO) which had moderate affinity for 

A but no affinity for L. On the other hand several amino 
+ acids had affinity for the Na -dependent ASC system but leu-

cine (LEU), methionine (MET), histidine (HIS), tyrosine 

(TYR), tryptophane (TRP), valine (VAL), isoleucine (ILE), 

and phenylalanine (PHE) did not. The Na+-independent y+ 

system was specific for basic amino acids and the 
+ . Na -independent L system was a neutral amino acid transport-

er ( 1 7) . 

The pioneering research with Ehrlich cells has been a 

guide for discriminating transport systems in other cells 

and tissues. However, difficulties remain because it has 

been difficult to physically separate multiple transporters 

operating on a single substrate as would be the case in en-

zymology. 
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INTESTINAL TRANSPORT OF AMINO ACIDS 

Wiseman (96) suggested that certain amino acids compete 

with each other for absorption in hamster intestine and 

therefore might be transported by a common mediated system. 

Curran et al. (20) reported a single neutral amino acid 

transporter in rabbit ileum. However, alanine (ALA), LEU, 

and VAL were the only amino acids tested. Later, Preston et 

al. (77) studied structure-affinity relationships of amino 

acids for transport assuming a single Na+-dependent trans-

porter. Shultz and Frizzell (85) described flux through a 

single transport system. Recently, Robinson and Melle (81) 

applied kinetic analyses to uptake of several amino acids by 

guinea pig small intestine. Because K. (inhibitor affinity) 
1 

was identical to K (substrate affinity) for individual sub-m 
strates, they concluded that a single transport system was 

present, at least for guinea pig intestine (80). 

The first challenge to single site uptake theory was the 

report of Newey and Smyth (68). They described a common 

transport system for GLY,MET, and PRO and an additional 

transporter for GLY and PRO in rat intestine. Munck (63) 

supported Newey and Smyth and concluded that their GLY, PRO 

systefu was the imino acid transporter and included ALA and 

LEU as substrates for this system. Sepulveda and Smith (83) 

reported at least tw~ transport systems for neutral amino 
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a~id transport ~n rabbit ileum. However, they described 

these systems as being serine (SER) sensitive or SER resis-

tant. Later Paterson et al. (72) found good agreement bet-

ween predicted and experimental results when uptake data was 

fitted to a double hyperbolic model and found less than ade-

guate agreement for a single entry model. 

The general approach of the above experiments was to exa~ 

mine cross inhibition among amino acids for transport adross 

rings or sacs of everted intestine. Syme and Leven (90) em-

ployed a different technique to study transport of ALA, LEU, 

MET, and VAL in sacs of everted rat intestine. Sacs were 

prepared from rats made hypothyroid, fasted, or fasted in 

hypothyroid state and an electrical method was used to mea-

sure K and maximum potential generated. The assumption was m 

that if amino acids were transferred by the same mechanism 

the qualitative changes induced by dietary and hormonal 

stress should be similar. However, there were clear differ-

ences among the neutral amino acids in induced responses and 

three transfer systems for neutral amino acids were pro-

posed. 

The application of the membrane vesicle technique to mam-

malian intestine greatly enhanced the study of amino acid 

transport. + Nelson et al. (67) demonstrated Na -dependent 

uptake of ALA by isolated brush border membrane vesicles 
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(BBMV) frQm rat intestine. Their data also showed 

Na+-independent ALA uptake which was further evidence of at 

least two pathways for ALA transport. Curran et al. (21) 
+ reported increased Na flux by rabbit ileum when ALA was 

present. + Smith and Sepulveda (85) also found Na -dependent 
+ as well as Na - independent ALA uptake with strips of rabbit 

ileum. Recently, Stevens et al. (88) reported at least 

three Na+-dependent and two Na+-independent pathways of ami-

no acid uptake by BBMV from rabbit jejunum. Furthermore, a 

diffusion component of transport was found for all amino 

acids tes~ed (88). 

Its not quite clear what the relative significance of 

each system (ie. Na+-dependent, Na+-independent, diffusion) 

would be in vivo. Evidence does indicate that the relative 

importance of each system depends upon the substrate concen-

tration. Stevens et al. (89) estimated the relative contri-

butions of transport systems available for PHE transport. 
+ At PHE concentrations below 1 mM the Na -independent pathway 

contributes 75% of total uptake but above 2.5 mM PHE, this 

system contributes least of the three. Above 17 mM, uptake 

by diffusion exceeds all mediated systems and accounts for 

45% of the total. The above type of system makes teleologi-

cal sense because the intestine must deal with widely varia-

ble concentrations of nutrients and operate at high effi-

ciency over those concentrations. 
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There remains considerable debate concerning the 

mechanisms of amino acid transport in intestine. Although 

the exact number of transport systems still is not known and 

may vary with species, the old hypothesis of a single system 

seems untenable. A minimum of two mediated pathways are re-

quired to explain recent data (72, 83, 86, 88). And it 

seems highly likely that more than two pathways are availa-

ble. 

Several factors have contributed to the difficulties of 

separating amino acid transport mechanisms. Studies prior 

to 1975, and some since, have employed rings, sacs, or 

strips of intestine as experimental units (63, 68, 72, 77, 

81, 83, 86). Whether measuring flux from the mucosal to 

serosal side or flux into the mucosal cell, the data are 

complicated by several membranes and metabolism of substrate 

when using the above approaches. Of even greater conse-

quence is the fact that the concentrations of test amino 

acids were often too high in these studies to detect high 

affinity-low capacity transporters. Compounding the problem 

further was the addition to the incubation media of D-glu-

cose for the whole tissue experiments (63, 68). The cross 

inhibition of sugars and amino acids is well established 

(22, 31, 32). Another problem which plagues all attempts to 

discriminate amino a·::id transporters is the small number of 
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amino acids which can be tested in an experiment. Cross in-

hibition experiments have been the major tool for discrimi-

nation but are quite involved with only three or four amino 

acids. Testing 20 or more amino acids in this fashion would 

req~ire unrealistic financial and labor resources. 

Finally it should be noted that a variety of species have 
J 

been tested. Only scant attention has been given to the 

possibility of species differences for amino acid transport. 

Rabbit (49, 72, 73, 77, 83, 86, 88) and rat intestine (29, 

42, 45, 63, 67 1 68, 91) have been studied most often but 

other species include hamster (28, 97) guinea pig (2, 81) 

neonatal pig (11) and frogs (12, 71). Yet there have been 

few comparative studies. 

Discriminating pathways of amino acid transport in the 

intestine is important to understanding the complexities of 

nutrient absorption. By identifying the number and specif-

icity of transporters and measuring detailed characteristics 

of each (such as affinity and inhibition of substrates) we 

may begin to understand better how diet, stress, and hor-

manes influence absorption and thereby animal performance. 
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RUMINANT INTESTINAL AMINO ACID TRANSPORT 

Absorption of amino acids occurs mainly in the small in-

testine of ruminants. Unlike monogastrics, the amino acids 

reaching the small intestine are of microbial as well as 

dietary origin. The ruminant possesses the same complement 
f 

of pancreatic proteases and peptidases as the mortog~strit 

for digestion of proteins (4). However, maximum intestinal 

absorption of amino acids occurs in the ileum of the rumi-

nant (43, 75). This delay in absorption is perhaps a result 

of copious acid secretion from the abomasum and weakly alka-

line pancreatic secretions which together lower intestinal 

pH (4}. 

Most reports of amino acid absorption in ruminants have 

been in vivo including arterio-venous difference (87) and 

disappearance from the lumen (18, 51). However, Johns and 

Bergen (43) and Phillips et al. (75) employed everted sacs 

of sheep intestine. 

There are some data to suggest that intestinal absorption 

of amino acids is not as efficient as theoretically possi-

ble. Klooster and Boekholt found that when feeding a hay 

concentrate ration to cows only 70% of alpha-a~ino nitrogen 

reaching the duodenum was absorbed by the small intestine. 

Hume et al. (36) fed chopped alfalfa hay to sheep and found 

net absorption of amino acids was only 50% of daily intake. 
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Therefore, it might be possible to improve animal perfor-

mance by increasing total amino acid absorption. 

Several studies have found dietary affects on amino acid 

absorption. Sniffen and Jacobsen (87) fed two maturities of 

alfalfa hay to steers and found three times more amino acids 

absorbed for less mature hay. In fact the steers fed good 

quality hay absorbed more amino acids than were consumed 

(87).' Clarke et al. (18) reported that sheep consuming a 

low-nitrogen diet had more total and amino nitrogen reaching 

the duodenum than was fed. The low protein diet was hay and 

corn and the high protein diet was supplemented with soybean 

meal. On the high protein diet sheep consumed 17.1 g of ni-

trogen per day of which 4.2 g were lost. There was no loss 

of protein on the low protein diet. Therefore, ruminants 

appear to utilize amino acids more efficiently when they are 

in low supply in the diet. Prior et al. (79) found no ef-

fect of diet on net portal amino acid appearance for cattle 

or sheep fed hay or 80% concentrate. This apparent contrad-

iction with other studies might be because neither diet was 

rich in protein and therefore the animals were completely 

utilizing available amino acid supplies on both rations. 

Also, portal appearance is not always a good measure of ab-

sorption because it does not take into account intestinal 

metabolism. However the preponderance of evidence indicates 
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that diet of ruminants can affect quantity of amino acids 

reaching the small intestine, net absorption, and efficiency 

of absorption. 

Sniffen and Jacobsen (87) suggested certain amino acids 

might be imbalanced in the diet and thereby affect transport 

of other amino acids as a group. Hume et al. (36) infused 

LEU per abomasum at 0, 10, and 30 g per day and depressed 

net absorption of LYS, even at the 10 g dose, which was cal-

culated as the excess LEU which would be normal on a high 

corn diet. Although LEU infusion did not depress net ab-

sorption of other amino acids it did decrease portal and ca-

rotid concentrations of VAL, ILE, GLY, and ALA and carotid 

concentration of MET. Net absorption of LEU did not in-

crease. Johns and Bergen (43) inhibited LYS absorption by 

50% in vitro with ''saturating" concentrations of LEU. They 

suggested LEU inhibition of LYS absorption might be a signi-

ficant problem on high corn diets. The evidence thus far 

does not rule out possible affects of amino acid imbalances 

on absorption and subsequent animal performance. 

Very little information is available on possible trans-

port mechanisms in ruminants. Sniffen and Jacobsen (87) 

compared correlations of 18 amino acids absorbed by steers 

in vivo. They proposed that two systems, one for LEU, argi-

nine (ARG), and histidine (HIS) and one for LEU, ILE, and 
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VAL were available for transport. Of course, attempting to 

discriminate transport systems from in vivo studies is dif-

ficult because absorption depends on many factors besides 

transport. Johns and Bergen (43) found MET had higher af-

finity for transport than LYS or GLY which is similar to 

other data for sheep (98). Inhibition of LYS uptake by LEU 

(43) would suggest that these amino acids share at least one 

common transport system. However, (11) has shown that neu-
+ tral amino acids plus Na will inhibit basic amino acid 

transport without sharing the same transporter. 

CARBOHYDRATE TRANSPORT 

As in the case of amino acid transport, sugar absorption 

has been studied more for monogastric species than rumi-

nants. This is understandable since ruminants derive much 

of their energy from volatile fatty acids absorbed from the 

rumen and hence there is much less glucose for absorption 

from the small intestine (8, 53). Generally 70-80% of 

starch digestion occurs before the small intestine (3). 

Barry et al. (9) studied glucose and water transfer in 

sacs of rat intestine and found maximum absorption could be 

divided into a glucose dependent and glucose independent 
+ fraction which correlates to Na -dependent versus 

+ . + Na -independent gluc~se uptake. Coupling of Na to trans-
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port of glucose across brush border membrane was first pro-

posed by Crane (19). Crane's hypothesis was based in part 

on the original observations of Riklis and Quastel (80) that 

active transport of sugars in guinea pig intestine was com-
+ pletely dependent on Na The proposal of Crane would later 

prove to be essentially correct except for the ''mobile car-

rier" concept. 

Crane proposed the minimum structural requirement for ac-

tive transport as a pyranose ring with the hydroxyl group at 

carbon two in the same orientatation as D-glucose. However, 

as Christensen (17) points out, one should not assume that 

one hydroxyl group is all that is essential for active 

transport. Rather each hydroxyl probably ~eceives a certain 

weighting with the hydroxyl on carbon two being the more im-

portant one. Six carbons are not even essential for active 

transport as evidenced by the observations of Alvarado (1) 

of reciprocal competitive inhibition of D-xylose with glu-

cose and its analogs. D-xylose can exist as a pyranose ring 

with all of its hydroxyl groups in the same orientation as 

D-glucose. 

It's been known for some time that sugar transport is 

stereospecific and requires the D-form of the pyranose ring 

(99). However, there appears to be an adaptive capability 

to actively transport L-glucose. Neale and Wiseman (66) de-
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monstrated active transport of L-glucose in sacs of everted 

intestine from semi-starved rats. They proposed the mechan-

ism of adaptation might be an unmasking of an inherent capa-

bility rather than acquisition of a new one. 

Crane (19) proposed that the active glucose transporter 

was located in the brush border of intestinal epithelium. 

The introduction of isolated membrane vesicles to study 

transport greatly enhanced knowledge of location and proper-

ties of the transporter (33). By using membrane vesicles, 

the transport properties of brush border and basal-lateral 

membranes could be studied individually. Hopfer et al. (33) 
+ reported Na -dependent D-glucose uptake by BBMV of the rat. 

Later, Hopfer et al (34) demonstrated the differences bet-

ween sugar transport in BBMV and basal-lateral membrane ves-

icles (BLMV), the major difference being that D-glucose up-

take by BLMV is Na+- independent (34, 100). The properties 

of D-glucose uptake by renal brush border and basal-lateral 

membranes is qualitatively similar to intestine (5, 6, 50, 

94). + The Na -dependent D-glucose transporter of brush bord-
+ er is stereospecific saturable, and is sensitive to Na con-

centration as well as other sugars and phloridzin inhibi-

ti on. Ling et al. (56) has found the Na+-independent 

D-glucose transporter of intestinal and renal brush border 

and basal-lateral membranes is saturable, stereospecific, 
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sensitive to phloretin and accessible only to glucose and 

galactose. 

Several in vivo studies have found negative net glucose 

absorption for ruminants (7, 39, 57). Baird et al. (7) and 

Lomax and Baird (57) reported negative net glucose absorp-

tion of -16.8 to -34.8 mmol/h. Huntington (38) and Hunting-

ton et al. (39) estimated glucose utilization by the gut at 

18% of total,glucose turnover for lactating cows. Hunting-

ton (40) estimated 3 to 11% of total glucose turnover was 

utilized by the gut of lactating cows. He also estimated 

the gut requirement for glucose at 164 g/day and 153 g/day 

derived from dietary sources. It appears glucose absorption 

makes an important energy contribution to the gut of dairy 

cows. 

Recently, Kaunitz and Wright (46) compared kinetics of 
+ / Na -dependent D-glucose transport by BBMV of steer and rab-

bit intestine. Bovine intestinal D-glucose uptake was re-

solvable into a first-order diffusional and at least one ma-

jor saturable system. The saturable system had a Kt 

(affinity for transport) of .08 mM. For rabbit intestine 

two major saturable systems were resolvable (46). The high 

affinity system had a Kt of .03, similar to the bovine. It 

appears that properties of Na+-dependent D-glucose transport 

are similar but not identical for bovine and monogastric in-

testine. 
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MEMBRI>.NE VESICLES FOR TRANSPORT STUDIES 

The use of membrane vesicles has greatly enhanced under-

standing of membrane transport processes. However, there 

are still problems with discriminating transport systems 

with the membrane vesicle technique. Lever (55) has re-

viewed the use of membrane vesicles in transport studies. 

Hopfer (35) has reviewed membrane vesicles for studying in-

testinal transport. 

Many procedures have proved successful for the isolation 

of partially purified BBMV and BLMV (33, 36, 41, 56, 60, 

62) . Kaback (44) first showed that bacterial cell "ghosts" 

would form resealed vesicles which retain transport func-

ti on. + Later, Hopfer (33) demonstrated Na -dependent D-glu-

cose transport in isolated BBMV from rat small intestine. 

The purity of membrane preparations can be assessed with 

specific marker enzymes. Disaccharidases, alkaline phospha-

tase, and peptidases are marker enzymes for brush border 
+ + (24) and Na /K ATPase, adenyl cyclase, and S' nucleotidase 

are markers for the basal-lateral membrane (65). 

Under appropriate homogenization conditions, plasma mem-

branes reseal forming vesicles separating two aqueous phas-

es. By studying the flux of solutes into or out of these 

vesicles one can determine the transport properties of the 

membrane. Membrane transporters can be studied without com-
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plications from internal compartmentalization and intracel-

lular metabolism. Known concentrations of ions can be im-

posed or dissipated across the membrane and magnitude or di-

rection of polarities altered. Thus the investigator has 

the option of varying experimental conditions over a wider 

range than is possible with other techniques or would be en-

countered physiologically. 

Since the first procedure for isolation of BBMV from 

small intestine, a number of methods and modifications have 

been reported ( 4 7 ) . It became clear that preparations ob-

tained by homogenization in hypo-osmotic-EDTA solutions con-

tained considerable c.ontamination from internal membranes 

(26). The iso-osmotic-sucrose-EDTA homogenization ·of Porte-

ous and Clark (76) resulted in co-sedimentation of nuclei 

and brush border. Later it was found that the eritical step 

to remove internal membranes was divalent cation precipita-

tion. Hopfer et al (33) used Mg+ precipitation successfully 

to obtain BBMV from rat intestine. At the same time Schmitz 
+ et al (82) used Ca precipitation to obtain BBMV from human 

intestine. + + Although Mg or Ca seem to work equally as 

well, excess Ca+ will interfere with the assay of 
+ + Na /K -ATPase (54). 

Of the many methods of cell fractionation employed, Pot-

ter-Elvehjem causes the least damage to cell components 
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(48). However, Potter-Elvehjem is a time consuming proce-

dure. Other cell fractionation procedures include nitrogen 

cavitation (36, 62), polytron (88), and Waring blender (47). 

Orientation of membranes and thus directionality of 

transporters has been debated for some time. In general, 

most investigators have not considered the orientation of 

vesicles relative to the membranes physiological orienta-

tion. The importance of orientation depends on the trans-

porter one wishes to study. The directionality may depend 

on an intrinsic asymmetry of the transporter such as the 
+ + Na /K pump (96). However, for amino acid transport direc-

tionality depends on the electrochemical gradient and amino 

acid flux can be reversed by changing the direction of the 
+ Na electrochemical gradient. 



MATERIALS AND METHODS 

The following isolation and partial purification of BBMV 

is a modification of the procedure of Im et al. for rat in-

testine (41). Segments of small intestine were removed from 

21 week old Holstein bull calves and some mature cows at 

slaughter. Intestine was removed beginning two meters prox-

imal to the ileal-cecal junction and proceeding proximally. 

As intestine was removed it was flushed immediately with 

buffer (0° C) containing 300 mM mannitol and 12 mM Tris-HCl, 

pH 7.4 (mannitol bu!fer). In all cases intestines were re-

moved within 8-12 min of stunning. 

PREPARATION OF BBMV 
0 Tissue was maintained at 0-4 C throughout the procedure 

unless otherwise specified. Intestines were everted at the 

laboratory and 30 cm segments placed in 500 ml Erlenmeyer 

flasks containing 150 ml mannitol buffer. Flasks containing 

intestine were agitated 15 min with a wrist-action shaker 

(Burrell model 75, Burrell Corp., Pittsburgh, PA) at setting 

#10. The cell suspension was then filtered through nylon 

mesh and fresh mannitoi buffer added for a second agitation. 

An aliquot of the cell suspension was observed under the 

light microscope and is shown in Figure 1. Cells were re-. 

23 
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covered by centrifugation at 4500 x g for 10 min; The pel-

let was suspended in succinate buffer containing 5 mM MgC1 2 , 

150 mM mannitol, 10 mM Tris, 30 mM succinate, 5 mM potassium 

phosphate, and .1 mM MnC12 , pH 7.4, and homogenized 70 

strokes with a Potter Elvejhem type glass teflon homogenizer 

(Kontes,clearance .0889 to .1143 mm, Vineland, NJ). Homo-

genizer clearance is an important aspect for preparation of 

bovine intestinal BBMV. Attempts to use homogenizers with 

larger clearances failed to give adequate yields or enrich-

ment of brush border membranes. Also, bovine intestinal 

contents contain large quantities of grit which wears away 

the homogenizer clearance. The homogenate was incubated 30 

Mg2+ min while gently stirring to allow aggregation of in-

ternal membranes. After incubation, differential centrifu-

·gation (Figure. 2) was employed to remove nuclei, mitochond-

ria, endoplasmic reticulum, and cellular debris. Enzyme 

analyses indicated ca. 75% of endoplasmic reticulum was re-

moved by the first centrifugation step. The final pellet 

was resuspended in transport buff er containing 100 mM 

mannitol, 20 mM N-2-hydroxyethylpiperazine-N'-2-eth-

anesulfonic acid (Hepes)-Tris, and 2 mM MgC1 2 , pH 7.4. 

The sucrose gradient of Im et al. (41) was unsatisfactory 

for bovine small intestine and therefore changed to a gradi-

ent consisting of 31, 34, 38, 42, and 46% sucrose (w/w) in a 
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Figure 1. Cells isolated by agitation and stained 

with methylene blue. Magnified 250 X. 
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nuclei 
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Figure 2. Diagram of differential centrifugation procedure 

to remove cellular debris and internal membranes. 
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solution of 2 mM MgC12 and 2 mM Hepes-Tris, pH 7.4. The 

density gradient ~as centrifuged at 100,000 x g for 90 min 

in an ultracentrifuge (Model L5-75B, SW-40 rotori Beckman 

Instruments, Palo Alto, CA). The yield of membranes varied 

a~ong animals but generally 100 m~ of protein was layered on 

the density gradient. The sucrose gradient as it appeared 

.after centrifugation is shown in Figure 3. Sucrose density 

fractions were aspirated.and brought to 25 ml with transport 

buffer. Individual fractions were centrifuged 100,000 x g 

(50.2 rotor) for 60 minutes and pellets resuspended in 

transport buffer. Membrane fractions were then analyzed for 

marker enzymes or frozen in liquid nitrogen for transport 

experiments. Stevens et al. (88) have described transport 

with vesicles stored in liquid nitrogen. In the present 
. . 14 study there was no difference in uptake of U-[ C]-D-glucose 

for freshly prepared BBMV or frozen in liquid nitrogen 25 d. 

Marker Enzvmes 

Brush border membranes were assayed for alkaline phospha-

tase (EC 3.1.3.1) activity (Enzyme assay #246, Sigma Chemi-

cals, St. Louis, MO). Contamination from other cell compo-

nents were.assayed by appropriate marker enzymes: oubain 

sensitive Na+/K+ ATPase (EC 3.6.1.3) for basal~lateral mem-

branes (41), succinate dehydrogenase (EC 1.3.99.1) for mito-
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Figure 3. Membrane fractions of sucrose gradient 

after centrifugation. Membrane layers appear 

as lighter bands at the interface between 

sucrose densities (31, 34, 38, 42, and 

46% sucrose w/w). 
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chondria (74), acid phosphatase (EC 3.1.3.2) for lysosomes 

(Enzyme assay #104, Sigma Chemicals, St. Louis, MO), NADPH 

cytochrome C reductase (EC 1.6.2.3) for endoplasmic reticu-

lum (61), lactate dehydrogenase (EC 1.1.1.27) for cytosol 

(Enzyme assay #340, Sigma Chemicals, St. Louis, MO}. I nor-

ganic phosphate for Na+/K+ ATPase was determined by the 

method of Hansjorg and Lands (29). Protein was assayed by 

the method of Lowry (58) as modified by Markwell et al. 

( 59) . 

Transport Assays 

Non-electrolyte transport was assayed by membrane filtra-

tion technique (48, 64). Transport buffers contained 100 mM 

NaSCN, 100 mM mannitol, 2 mM MgC1 2 , and 10 mM Hepes-Tris, pH 

7.4. Sodium-independent transport was measured by replacing 

NaSCN with KSCN in equimolar concentrations. The total 

reaction volume assayed, was 120 µl containing 60 µl buffer, 

radioisotope (.25 µCi), 20 µl BBMV solution, and 20 µl dis-

tilled water. The BBMV solution contained 2 to 3 mg/ml mem-

brane protein resulting in 50 to 70 µg of protein per assay. 
0 . . Membranes were incubated at 22 C and transport reactions 

stopped by adding 150 mM KCl containing 100 µM phloridzin 

(Sigma Che~icals, St. 0 Louis, MO) at 0 C. Phloridzin was 

not included in the stopping solution if an amino acid was 
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the substrate. Mannitol was replaced iso-osmotically with 

inhibitor sugars for inhibition experiments. Thiocyanate 

buffers were replaced with NaCl or KCl (100 mM) for amino 

acid inhibition experiments. Radioisotopes and their spe-

cific activities were U-[ 14cJ-D-glucose, 230 mCi/mmol, 

2,3,4,5-[ 3HJ-L-leucine, 120 Ci/mmol, 4,5-[ 3HJ-L-lysine, side 

chain-[ 3H]-L-phenylalanine, 20 Ci/mmol, from ICN, Irvine, 

CA; U-[ 14c]-L-alanine, 165 mCi/mmol, U-[ 14cJ-L-lysine 336 

mCi/mmol, 2-[ 3HJ-L-methionine, 11.3 Ci/mmol, 

U-[ 14c]-L-proline, 280 mCi/mmol from Amersham, Arlington 

Heights, IL; l-[ 14c]-alpha-methylaminoisobutyric acid, 53.5 

mCi/mmol, from New England Nuclear, Boston, MA . 

. Figures presented in the results section were determined 

for a single membrane batch. Similar results were obtained 

when experiments were repeated with different membrane· 

batches. Tabular data are presented as means and standard 

errors for multiple membrane batches. 



RESULTS AND DISCUSSION 

MARKER ENZYMES 

Results of marker enzyme analyses are presented in Table 

1. Highest specific activity of alkaline phosphatase, the 

brush border marker, was at the interface between 38% and 

42% sucrose. This fraction was employed for all transport 

experiments and will be referred to as band 3. Enrichment 

of alkaline phosphatase was somewhat lower than reported for 

other species (27, 41, 56). Perhaps the greatest contribu-

tor to lowered enrichments was homogenizer wear. Before 

wear increased homogenizer clearance, enrichments of 8 to 10 

fold were common. 

Band 3 contained some basal-lateral membrane contamina-

tion as indicated by a 1.7 fold enrichment of ouabain sensi-
+ + tive Na /K -ATPase. Ouabain sensitive ATPase activity fell 

with increasing sucrose density, which is what Im et al. 

(41) reported for rat intestine. However, in this study the 

buoyant densities of the brush border and basal~lateral mem-

branes were extremely close, resulting in difficult separa-

tion of the two. The migration of these membranes in the 

sucrose gradient resembled more closely the results of Im et 

al. ( 41) for prepar.l.tion of kidney proximal tubule membranes 

than intestinal memb:·anes. TLis might be because of diffe-

31 



Table l. seecific activities and recoveries for marker enz:l!!!!es of villus cell structures from bovine intestine. a 

Sucrose density gradient fractions Total 
recov-

Cell Structure Marker Enzyme Homogenate l 2 3 4 5 ery \ 

Brush border Alkaline phosphatase 52 5 (6) 126 49 (6) 200 62 (5) 344 109 (6) 208 72 (6) .62 19 (6) 103 

Basal-lateral Na+/K+-ATPase 56 7 (7) 98 20 (7) 112 42 (6) 94 22 (5) 67 22 (6) 50 10 (5) 88 

Mitochondria Succinate INT 17 6 (6) <.2 < .2 3 0 (5) 6 2 (5) 20 7 (5) 124 
reductase 

Lysosomes Acid phosphatase 38 3 (6) 86 24 (5) 70 20 (5) 84 14 (5) 58 16 (5) 47 6 (5) 132 

Endoplasmic NADPH cytochrome c 9 l (3) <.l <.l <.l 3 0 (2) 3 l (3) 102 w. reticulum reductase N 
Cytosol Lactate 159 19(5) < 5 < 5 < 5 < 5 < 5 95 

dehydrogenase 

aMean, standard error, and number of membrane batches. Specific activities are reported as iimoles/mg protein/min 
with the exception of lactate dehydrogenase which is reported as µmoles/mg protein/min. Total recoveries of 
enzyme activites include all fractions prior to the sucrose density gradient. Sucrose fractions l through 5 corre-
spond to 31, 34, 38, 42, and 46\ w/w sucrose. 
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rent prope:!'.'ties of bovine plasma membranes or the homogeni-

zation difficulties already discussed. 

Succinate INT reductase (mitochondria) and NADPH cyto-

chrome C reductase (endoplasmic reticulum) were found mostly 

(ca. 75%) in the pellets of the differential centrifugation. 

The small amounts of these enzymes found in the sucrose gra-

dient fractions were mainly at the highest sucrose concen-

trations which would be expected. The lysosome marker, acid 

phosphatase, was distributed throughout the sucrose gradient 

and specific activity was enriched in band 3. However, 

Landsverk (52) has reported acid phosphatase activity asso-

ciated with brush border and golgi in jejunum of young 

calves. Finally, over 90% of lactate dehydrogenase activity 

was recovered from the differential centrifugation, prior to 

the sucrose gradient. 

D-GLUCOSE TRANSPORT 
lLl Uptake of U-[ ~C]-D-glucose by calf intestinal BBMV is 

shown in Figure 4A, and for a mature lactating cow in Figure 

4B. Glucose uptake was Na+-stimulated and exhibited a char-

acteristic "overshoot" phenomenon. Initial overshoot is 

characteristic of transient accumulation of D-glucose in 
+ + . response to a Na electrochemical gradient. The Na stimu-

lation is transient iue to dissipation of the artificially 
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created gradient. Peak sodium stimulation occurred at .5 

min for the calf and cow but the decline in transient over-

shoot was more gradual for the cow. Sodium independent up-

take of D-glucose was linear with time and was equivalent to 

Na+-dependent uptake by 30 min. Equivalent equilibrium (ie. 

30 min) uptake for the two pathways suggests there were no 

osmotic affects. Ratio of Na+-dependent to Na+-independent 

uptake at .5 min was 13.6:1 and 10.7:1 for calf and cow. 

More data on D-glucose transport by cow BBMV was not ob-

tained because of the unavailability of cows; however, the 

time course for cow and calf were similar. These results 

are consistent with other species (33) and demonstrate the 

functionality of the vesicles prepared by this method. More 

importantly, these data demonstrate the existence of a 
+ Na -dependent D-glucose transporter for bovine intestine. 

Sodium stimulation is accepted as evidence for an active 

transport process (35). 

It is important to demonstrate uptake of D-glucose into 

an osmotically active space because glucose binding to plas-

ma membranes has been reported (23, 25). At equilibrium up-

take, net flux is proportional to intravesicular space. 

Therefore, changes in intravesicular space because of chang-

es in osmolarity should be reflected by uptake values. In 

fact membrane vesicles will act as osmometers and expand or 
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contract with changing osmolarity (63). For the above pur-

pose, equilibrium D-glucose uptake was measured in increas-

ing media osmolarity (Figure. 5). There was a linear de-

crease for Na+-dependent and Na+-independent D-glucose up-

take with increasing osmolarity. Only 6% of total D-glucose 

flux was attributed to binding as determined by extrapolat-

ing the regression to infinite osmolarity (intercept y-axis) 

which is zero intravesicular space. 
+ Phloridzin is a specific inhibitor of the Na -dependent 

D-glucose transporter in other species (33, 36) by binding 

directly to the transporter (91). The effect of phloridzin 

on Na+-dependent D-glucose transport in bovine is shown in 

Figure 6. Sodium stimulation was completely inhibited in 

the presence of 100 µM phloridzin. Phloridziri had no effect 

on Na+-independent D-glucose transport. Tannenbaum et al. 

(92) has reported phloridzin binding only to the high affin-

ity glucose transporter of rabbit intestine. Wright (per-

sonal communication) has proposed a single high affinity D-

glucose transporter for bovine intestine. The complete 

inhibition of Na~ stimulation by phloridzin is perhaps 

further evidence for a single high affinity transporter for 

bovine. 

The effect of other rnonosaccharides on D-glucose trans-

port was determined, to further characterize properties of 
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are the means of duplicate determinations. 



39 

sugar transport by bovine intestine. Inhibition of 
+ Na -dependent D-glucose flux by three hexoses and three pen-

toses are presented in Table 2. Sodium dependent flux of 

U-[ 14c]-D-glucose was inhibited by unlabelled D-glucose > 

D-galactose > D-Xylose. D-fructose, D-ribose, and D-arabi-

nose had minimal to no inhibitory affects. Alvarado (1) has 
+ reported Na -dependent, stereospecific D-xylose transport 

in rings of hamster intestine. D-xylose exhibited recipro-

cal inhibition with D-glucose and its analogs. Duthie and 

Hindmarsh (22) found inhibition of D-xylose by L-histidine 

in hamster intestine. Apparently, D-xylose is actively 

transported and competes with D-glucose because it has a py-

ranose ring structure and all its hydroxyl groups are in the 

same orientation as D-glucose. 

Burrit et al. (10) reported xylose content of grasses 

ranged from 10% to 20% of dry matter. Xylans are the major 

noncellulose component of cell walls (95). Xylose content 

is positively correlated with plant maturity and negatively 

correlated with digestibility (10). Perhaps acid hydrolysis 

or some other treatment to breakdown xylans would improve 

utilization of more mature grasses. 

The monosaccharides tested had no effect on Na+-inde-

pendent D-glucose flux. Ling et al. (56) reported inhibi-
+ tion of Na -independent D-glucose uptake by D-glucose and 



Table 2. Effect1~f 
of u-1 c 

Monosaccharide 
added (30 mM) 

Hexos.es 
D-glucose 
D-galactose 
D-fructose 

Pentoses 
D-xylose 
D-ribose 
D-arabinose 
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monosaccharides on mediated flux a 1-D-qlucose by BBMV. 
Percent Inhibition 
10 sec 

75 .4 1.6 
62.0 6.0 
9.0 2.5 

39 .4 • 2 
4.2 2.0 
4.7 6.6 

30 sec 

83.0 .6 
75.4 2.3 
13. 7 . 7 

42 .o 1.6 
7.6 3.2 

13.0 3.9 

aData are means and standard errors of percent 
inhibition for two membrane batches measured 
in triplicate. Concentration of labeled glucose 
was 130 µM in the presence of 100 mM NaSCN. 
When KSCN replaced NaSCN in the incubation buffer 
there were no effects on ~lux. Percent inhibition 
was calculated as: 

100 - ~
t + J (Na ) 

t + 
·Ji (Na ) 

wheretJt(Na+) is D-glucose flux in 100 mM NaSCN 
and J. (Na+) is the D-glucose flux in the pre-
senceiof 100 mM NaSCN and 30 mM inhibitor 
monosaccharide. 
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D-galactose for rat BBMV. The data would suggest nonmediat-

ed Na+-independent uptake by bovine BBMV. 

Transport data presented thus far, were obtained with 

BBMV stored in liquid nitrogen. Stevens et al. (88) has 

presented a method for storage of renal and intestinal vesi-

cles in liquid nitrogen. In this study uptake of D-glucose 

by freshly prepared BBMV was compared to the same vesicles 

frozen 25 days for two membrane batches. + Peak Na -dependent 

uptake for frozen BBMV was 98% of the same vesicles fresh. 

These data suggest several conclusions. The method out-

lined is a relatively rapid procedure for isolation of par-

tially purified BBMV for transport studies. Also, D-glucose 

transport by bovine intestinal BBMV is composed of a 

Na+-dependent inhibitable system and a Na+-independent dif-

fusional system. 
+ . 

The Na -dependent component of D-glucose 

flux is perhaps a single high affinity system, unlike mono-

gastrics which possess at least two Na+-dependent systems. 

The Na+-independent component of flux appears to be nonmedi-

ated. However, these latter two conclusions deserve further 

study. In qualitative terms, intestinal transport of D-glu-

cose by bovine and monogastrics are very similar. Compara-

tive studies would provide quantitative comparisons. 
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AMINO ACID TRANSPORT 

Transport properties of several amino acids were investigat-

ed. Uptake of U-[ 14cJ-L-alanine in the presence or absence 
+ of Na is presented in Figure 7. L-alanine transport was 

Na+-stimulated and peaked by .5 min. However, equilibrium 

(60 min) uptake of both Na+-dependent and Na+-independent 

L-alanine transport was higher than peak sodium stimulation. 

Vesicles of large capacity or multilayered vesicles could 

account for high equilibrium values. 

Labeled alanine flux in the presence of Na+ with increas-

ing concentration of cold alanine is shown in Figure 8. The 

diffusion component of L-alanine uptake is also plotted in 

Figure 8. At low L-alanine concentrations (less than 1 mM) 

mediated transport comprises the majority of total flux. 

With higher concentrations (above 3 mM) diffusion becomes 

the major component of total flux. These characteristics 

are similar to those found in other species (88). 

The alanine flux data minus diffusion versus concentra-

tion was replotted in a double reciprocal plot (Figure 9). 

The data shows classical characteristics of two transport 

mediators functioning for a single substrate. Two separate 

regressions were plotted to determine apparent Kt (trans-

porter affinity) and J (maximum flux) for each system. max 
The apparent Kt were .039 and .943 mM and the J were 29.2 max 
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and 53.4 pmoles/mg protein/sec for the high and low affinity 

transporters. The apparent transport affinities were 10 

fold higher than reported for rabbit BBMV (88). However, 

conditions were not identical for the two experiments. Note 

that the J of 29.2 and 53.4 pmoles/mg protein/ sec com-max 
pare to 29 and 100 pmoles/mg protein/sec for the respective 

systems reported by Stevens et al. (88). These data show 

there are at least two mediated transporters for L-alanine 

uptake in bovine intestine. The high affinity low capacity 

system would predominate at substrate concentrations of 0 to 

1 mM. At substrate copcentrations above 1 mM the low affin-

ity high capacity system would predominate. Furthermore, at 

substrate concentrations above 3 mM, flux by diffusion would 

be greater than mediated flux (Figure 8). 

Uptake time courses for other amino acids investigated, 

are presented in Figures 10 through 13. Sodium-stimulated 

uptake of methyl-aminoisobutyric acid is illustrated in Fig-

ure 10. Peak Na+-stimulation of 98 pmoles/mg protein is 

close to the report of Stevens et al. (88). Methyl-aminoi-

sobutyric .acid (MeAIB) is an amino acid analog specific for 

the A system proposed by Christensen (14). However, Stevens 

et al. (88) found uptake of MeAIB by BBMV of rabbit intes-

tine was by a system different from the A system of Ehrlich 

cells. More data is necessary to make such a determination 

for bovine intestine. 
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Sodium-stimulated L-proline uptake is illustrated in 

Figure 11. Peak sodium-stimulation of proline uptake was 

also similar to the report of (88). Time course of L-pheny-

lalanine uptake is illustrated in figure 12. Although phe-

nylalanine uptake was sodium stimulated, the characteristic 

"overshoot" phenomenon could not be demonstrated. Several 

possibilities can be suggested to explain lack of overshoot. 

Vesicles could be "leaky'. That is, a portion of the 
+ Na -dependent transporters could be damaged so that phenyla-

lanine flux was uncoupled from Na+ flux. Another explana-

tion would be that a large share of phenylalanine flux is 

normally Na+-independent in bovine intestine. Finally, con-

tamination of the BBMV with basal-lateral membranes might 

reduce the apparent Na+ stimulation. However, the latter 

explanation does not seem very likely for two reasons. So-

dium-dependent transport of neutral amino acids exists in 

basal-lateral membranes of rabbit intestine (89), and D-glu-

cose uptake by vesicles enriched only two fold in alkaline 

phosphatase activity, showed properties similar to those of 

highly enriched membrane batches (Figure 17 in appendix). 

Sodium-stimulated L-lysine uptake is illustrated in Fig-

ure 13. Lysine transport has been reported to be 

Na+-independent for intestine and nonepithelial cells of 

other species (54). The data in Figure 13, may result from 
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Figure 10. Time course of l-[ 14cJ-alpha-methyl-aminoiso-

butyric acid (165 µM) uptake in the presence of 

100 mM NaSCN (•~-) or 100 mM KSCN (A--). Data 

are means of duplicate determinations with mean 

coefficient of variation. of 16.7% for peak Na+ 

stimulation (2 min) for two membrane batches. 



c 
Q) -0 
~ a. 
O' 
E 
' en 

(1) 

0 
E c.. 

500 

400 

300 

200 

! . ~----100 ... ,,.~ 
/ 

/ ... • 

.5 I 

49 

• 

------------

1---i 
3 6 45 

Time (min) 

Figure 11. Time course for U-[ 14cJ-L-proline (100 uM) uptake 

in the presence of 100 mM NaCl (e--) or 100 mM 

KCl ( &-. -) . Data are the means of duplicate 

determinations with a mean coefficient of vari-

ation of 24% at peak Na+ stimulation (3 min) 

for two membrane batches. 
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or 100 mM KSCN (A-· - ) . Data are means of 

duplicate determinations with mean coefficient 

of variation of 6.2% at peak Na+ stimulation 

(4 min) for two membrane batches. 
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Figure 13. Time course for 4,S-[ 3HJ-L-lysine (100 µM) in 

the presence of 100 mM NaCl (e~~) or 100 mM KCl 

(&~~).Data are means of duplicate determin-

ations with mean coefficient of variation 

of 4.2% for peak Na+ stimulation (6 min) for 

three membrane batches. 
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some unexplainable artifact. However, the + Na -stimulation 

was observed with NaCl and NaSCN, and with two different 

sources of isotope. In addition lysine inhibited the 
+ Na -dependent uptake of other amino acid, which will be dis-

cussed later in more detail. Finally, Hume et al. (36) de-

creased LYS absorption by abomasal infusion of LEU (LEU is a 

Na+-dependent neutral amino acid) and Johns and Bergen de-

creased LYS absorption in vitro with Leu. Further study is 
+ necessary to determine if truly Na -dependent pathways of 

lysine transport exist in ruminant intestine. Such a system 

might be a ruminant adaptation to high corn rations which 

are naturally low in lysine. 

Flux data for five amino acids are presented in Table 3. 

Intial fluxes were obtained at substrate concentrations of 

100 µM and 10 sec incubation. Diffusion (JD) was determined 

as the labeled substrate flux in 100 mM KCl and 50 mM cold 

substrate. Diffusion fluxes were the same in the presence 

of NaCl or KCl with 50 mM cold substrate, which indictes sa-

turation of mediated transporters. Total fluxes (Jt) were 

measured in the presence or absence of 100 mM NaCl or 100 mM 

KCl. Sodium dependent flux 

J 2=Jt(Na+)-Jt(K+ ). Sodium 

1 t + D lated as J =J (K )··J . 

2 (J ) was calculated as 

independent flux (J1 ) was cal cu-
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Table 3. Initial rates of L-amino acid influx. a 
Flux com- Amino acid 
:eonent ALA LYS MET PRE PRO 

Jt (Na+) 28.6 .2 15.2 1.8 12.2 3.6 46.6 7.7 11.4 1.1 

Jt(K+) 14.4 2.4 13.8 1.9 10.5 1.8 40.9 8.7 8.0 2.5 

J2 14.2 2.6 1.4 .1 1. 7 1. 7 5.7 1.0 3.4 1.4 

JD 9.4 .4 5.8 .3 6.0 .9 29.0 6.8 4.6 1. 2 

Jl 5.0 1.3 8.1 1.6 4.5 1.0 11. 9 1.9 3.4 1. 3 
a Data are means and standard errors for triplicate determinations and 

two membrane batches. Influx values (pmoles/mg protein/sec) were 
measured for a 10 sec incubation at a substrate concentration of 
100 µM. Symbols used are: 

Jt, total flux in the presence of 100 mM NaCl or KCl; 

J 2 , Na+-dependent flux where J 2=Jt(Na+)-Jt(K+); 

JD, diffusional component of transport measured as the total flux in 
the presence of 50 mM substrate and 100 mM KCl; 
1 +. lt+ D J , Na -independent flux where J =J (K )-J . 
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The largest total fluxes were 46.6 and 28.6 pmoles/mg 

protein/sec for PHE and ALA, respectively. Total fluxes 

were comparable for PRO, MET, and LYS. All amino acids 

showed some degree of Na+-stimulation. Alanine was the only 

amino acid which had a higher flu.x in the presence of NaCl 

versus KCl. Sodium-dependent uptake accounted for 50% of 

total ALA flux. Sodium-independent uptake accounted for 31% 

and diffusion less than 20% of ALA flux. Sodium-independent 

uptake was the largest component of LYS flux and was 4.5 
+ times higher than Na -dependent uptake. Sodium-independent 

uptake was 2.5 times Na+-dependent MET flux. Praline fluxes 

were equivalent for Na+-dependent and Na+-independent up-

take. 

It appears from these data, that a substantial proportion 

of amino acid flux across bovine BBMV is by diffusion. This 

is not the case for monogastric species except at high sub-

strate concentrations (90). However the data from this stu-

dy may reflect characteristics of the particular BBMV used, 

and does not necessarily mean that diffusion is a major com-

ponent of absorption in vivo. However, the low apparent Kt 

for ALA transport suggests the possibility that active 

transport in bovine intestine is by high affinity low capac-

ity transporters. If this is true, then a large portion of 

uptake may be a result of Na+-independent transport and dif-

fusion. 
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+ Inhibition of Na -dependent uptake.of five amino acids 

(100 µM) by seven amino acids (50 mM) is reported in Table 

4. The purpose of these data is to find common transport 

characteristics among amino acids. Interpretation is diffi-

cult in table form. Christensen (15) has suggested a graph-

ical representation of such data to aid tnterpretation~ 

This method involves simultaneous plotting inhibitor amino 

acid ori two amino acids of interest. If a linear pattern of 

inhibition is observed one can be fairly certain that the 

amino acids of interest share at least one common transport 

system. On the other hand, if the inhibitions are scattered 

with no discernable pattern we can assume transport of these 

two_amino acids are independent of one another . 

. The percent inhibition (Table 4) of the inhibitor amino 

acids are graphed for MET and ALA in Figure 14. There was 

an appa.rent linear relationship between MET and ALA for in-

hibition by other amino acids, indicating a common transport 

system. However, MET is transported by an additional system 

not inhibited by ALA. It is also worth noting that only two 

amino acids (ALA, LEU) inhibited more than 50% of MET flux. 

These data are consistent with the observations that MET is 

absorbed faster from equimolar mixtures of amino acids for 

fowl (93) and man (69) in vivo. It appears MET has priority 

for absorption by intestine. Attempts have been made to in-



56 

Table 4. Inhibition of initial influx of L-amino acids. a 

Sub- Inhibitors 
st rate ALA LYS MET PHE PRO GLY LEU 
ALA 
LYS 
MET 
PHE 
PRO 

a 

100 40 30 98 3 81 2. 61 6 76 1 90 10 
66 7 100 69 7 58 9 20 17 38 13 69 7 
58 7 32 19 100 41 37 30 30 43 19 55 12 
71 3 89 11 100 100 51 18 76 1 100 
74 10 58 6 73 1 74 1 100 16 16 51 18 

Data are means and standard errors of triplicate determinations for 
two membrane batches. Values are reported as percent inhibition 
for initial influxes (10 sec) of 100 µM substrate in the presence 
of 50 mM inhibitor and 100 mM NaCl. Inhibitor amino acids were 
substituted for D-mannitol in the incubation buffer. Percent 
inhibition was calculated as: 

where Jt(Na+) is total flux measured in NaCl; 

J7(Na+) is total flux in presence of 50 mM inhibitor amino acid; 
l. 

and JD is the diffusional component of flux measured as the total 
flux in the presence of 50 mM substrate and 100 mM KCl. 
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crease methionine reaching the small intestine of dairy cat-

tle. Methionine hydroxy analog and encapsulated methionine 

have been fed in an attempt to provide more MET for milk 

production. These data indicate tpat supplemental methio-

nine in the intestine might have an inhibitory affect on the 

absorption of other amino acids. More information is needed 

but it appears that supplementation of other important amino 

acids such as phenylalanine would not substantially alter 

methionine absorption. 

Inhibition of PHE and MET is graphed in Figure 15. There 

appears to be a relationship between PHE and MET, however, 

PHE inhibits only 40% of MET flux. A relationship between 

ALA and PHE can be demonstrated with the exception of LYS 

which inhibits 90% of PHE but only 40% of ALA uptake (Table 

4). These data are consistent with rabbit intestine (90) 

which have a neutral amino acid system and an additional 

system which transport primarily PHE and MET. 

Inhibition of PRO and ALA is graphed in Figure 16. There 

appears to be a lack of any relationship between PRO and ALA 

transport. Newey and Smith (67) proposed a PRO, GLY system 

for rat intestine. There is a consistency of PRO and GLY 

inhibitions of other amino acids in Table 4. However, GLY 

has minimal inhibition of PRO flux. This would indicate an 

imino acid transporter which excludes short chain amino acid 

as reported for rabbit intestine (90). 
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Figure 14. Graph of per,cent inhibition by seven amino 

acids of initial flux of methionine and alanine. 

Percent inhibition values were obtained from 

Table 4. 
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Figure 15. Graph of percent inhibition by seven amino acids 

of initial flux of phenylalanine and methionine. 

Percent inhibitions were obtained from Table 4. 



60 

100 • Pro 

90 

80 
• • - Phe eAla 0 70 ~ Met Cl. -

c 60 • 
0 Lys 
+- • ..c 50 Leu 
.r:. c 

~ 
40 

0 

30 

20 • Gly 
10 

0 
30 40 50 60 70 80 90 100 

O/o Inhibition (Ala) 

Figure 16. Graph of percent inhibition by seven amino acids 

on initial flux of proline and alanine. Percent 

inhibitions were obtained from Table 4. 
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Conclusions fro'm the amino acid inhibition data are 

tentative because a complete characterization of bovine in-

testinal amino acid transport is beyond the scope of this 

study. However, it does appear that bovine intestinal brush 

border possesses the same complement of amino acid trans-

porters as proposed for rabbit (90). The apparent 
+ Na -dependent LYS transport may be unique to bovine. Furth-

ermore, Na+-independent amino acid transport may play a much 

larger role for bovine intestine than monogastrics. 

Further study of amino acid transport in bovine intestine 

is justified by potential for dietary manipulation of amino 

acid ab~orption. Manipulation of amino acid absorption for 

improved nutrition has implications for improved efficiency 

of nutrient utilization and animal performance. 



SUMMARY 

Development and application of the methods outlined in 

this study provide a basis for understanding bovine intesti-

nal transport. Studies of nutrient transport at the mem-

brane level will aid testing of absorption properties in 

vivo. This study demonstrates the efficacy of membrane ves-

icles for studying bovine intestinal transport. 

Results show conclusively that bovine intestinal brush 

border membranes actively transport D-glucose by processes 

similar to nonruminants. 

osmotically active space, 

Glucose uptake by BBMV was into an 
+ stimulated by the presence of Na , 

and inhibited by phloridzin and D-galactose. Although other 

studies have shown no net flux of D-glucose across the small 

intestine of cows, the present study demonstrates the abili-

ty of the bovine gut to absorb glucose. Therefore, D-glu-

cose can and probably does make an energy contribution to 

the bovine intestine. 

Results also show active transport of L-amino acids. Ev-
+ idence includes Na -stimulation and inhibition of uptake by 

other L-amino acids. Transporter properties differed indi-

eating multiple pathway~ for amino acid transport by bovine 

intestinal brush border. The majority of mediated ALA flux 
+ was Na -dependent. Sodium-dependent and Na+-independent PRO 
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fluxes were .equivalent. The majority of MET, LYS, and PHE 

fluxes were Na+-independent. 

Inhibition experiments indicated a.MET transporter not 

shared by ALA or PHE and in addition one in common for these 

amino acids. There were trends in the inhibition data which 

indicated a common transporter for ALA, PHE, and LEU but the 

data were inconclusive. This would perhaps correspond to 

the neutral amino acid transporter proposed for other spe-

cies. Proline transport was largely independent of other 

amino acids. 

From these data we might speculate that bovine intestinal 

epithelia possesses amino acid transporters similar to those 

of. nonruminants with two notable exceptions. .· Sodium-inde-

pendent transport accounted for the largest proportion of 

mediated flux for MET and PHE. + Secondly, Na -dependent LYS 

transport has not been shown for other species. 

Of major nutritional significance is the limited inhibi-

tion of MET t~ansport by other a~ino .a~ids: Supplemental 

MET should be absorb~d by the intestine. On the other hand 

MET inhibits other amino acids including PHE. Therefore, 

PHE and other amino ·acids should be included when supple-

menting MET for dairy cattle. Optimum absorption of amino 

acids should be achieved by supplementing a. mixture of amino 

acids. 



64 

Further studies are needed to investigate ruminant intes-

tinal transport. Contributions from peptide transport must 

be considered. The use of BBMV has potential to aid the 

study of these complex transport processes. 



EPILOGUE 

Some observations concerning the application of this 

method deserve consideration and experience suggests possi-

ble improvements. The agitation procedure resulted in vari-

able yields of cells. In general the procedure resulted in 

sufficient quantities of starting material but occasionally 

there ~ere intestines from calves which yielded almost no 

cells. The reason for this behavior is unknown and is pro-

bably due to animal variation rather than the technique. 

A common procedure to remove cells is by scraping the in-

testinal mucosa.with a glass slide. This procedure was em-

ployed to obtain intestinal cells from some sheep and one 

calf. Yields of material were substantially higher than 

with the agitation procedure. There could be higher conta-

mination of noncellular material by this procedure but still 

may offer an alternative to agitation. 

There were two problems associated with Potter-Elvejhem 

type homogenization. The amount of material that can be 

processed in one experiment is limited. Roughly 3 to 4 g of 

cell protein can be processed in a reasonable time (1 h) 

with a single homogenizer. Occasionally more cells were ob-

tained by agitation then could be processed. Freezing of 

cells (-20°) prior to preparation of vesicles has been re-
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ported (46, 88). Attempts to do the same in this study were 

unsuccessful. However, freezing of cells would alleviate 

the problem of limited homogenizer capacity and increase 

yields of BBMV per animal. 

The second problem associated with homogenization was the 

grit from bovine intestine. Washing the intestinal segments 

with 6-8 1 of buffer and filtering the isolated cells would 

not remove this material. Unless a method for removing the 

grit is found, a different homogenization procedure is sug-

gested. Homogenization by polytron (Brinkmann Instruments, 

Westbury, NY) was employed for scrapings from some sheep and 

one calf. Enrichments in alkaline phosphatase activity of 4 

to 10 fold were obtained without a sucrose gradient. Howev-

er, these results are not directly comparable to the Potter-

Elvejhem method because the Ca++ precipitation method of 

Stevens (88) was used. Further testing is needed but it may 

be possible to replace Potter-Elvejhem homogenization with 

polytron disruption for the Mg++ precipitation method com-

bined with density gradient centrifugation. 

Finally, there were some indications that sucrose ad-

versely effected the transport properties of the membranes. 

Incubation of the membranes in 38% sucrose for 90 min abo-
. + lished Na stimulation (Figure 17). The possibility that 

source of sucrose was the adverse factor was considered. 
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Source of sucrose did not make a difference when the above 

experiment was repeated. However, peak sodium stimulation 

of D-glucose transport for all sources of sucrose was only 

60% of membranes that were incubated 90 min in buffer. 

Sucrose gradients have been used more than any other 

type. However, the major disadvantage seems to result from 

high osmotic potential of concentrated sucrose solutions 

(78). Other materials which could be used in place of suc-

rose include sorbitol, ficoll (synthetic polymer of suc-

rose), or percoll (silica sol). 

These observations are not made to discourage use of BBMV 

for studying transport in the bovine. Rather this discus-

sion is meant to suggest pitfalls and possible solutions in 

order to help other investigators. 
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Table 5. Assay for alkaline phosphatase. 

Component Amount 

1. p-nitrophenol phosphate 

2. 2-arnino-2-methyl-propanol 
+ Mg 

Assay: 
A. Add 1 to 31 ml of 2. 
B. Add 3 ml of solution from A. 

to cuvette. 
C. Add .1 ml of sample to cuvette. 
D. Monitor reaction for 3 min. 

Conditions: 

pH 10.2 
temperature 30° C 
wavelength 405 run 
extinction 18.75 rnM 

Unit definition: 

One unit of enzyme will transform 
one umole of substrate per min. 

Calculation: 

Delta O.D./min X 1653 = U/L 
with a 1 cm light path 

316 urnole 

1.25 M 

1. 25 rnM 
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Table 6. Assay for oubain sensitive ATPase. 

Component Amount 

1. NaCl 240 mM 
l<Cl 14 mM 
Hepes 10 mM 

8 mM MgC1 2 
EDTA l.4mM 
Deoxycholate l.OmM 
ATP a 

2. Oubain 10 

Assay: 

A. To one set of tubes add .5 ml 
of 1, .1 ml of 2, .3 ml of 
distilled water, .1 ml of sample. 

B. To another set of tubes add .5 ml 
of 1, .4 ml distilled water and 
.1 ml sample. 

C. Incubate all tubes for 10 min. 

D. Stop reaction with 1 ml 10% TCA •. 

E. Determine phosphate concentration. 

Conditions: 

pH 7.4 
temperature 37° C 

Calculations: 

mM 

mM 

P cone. of A. - P cone. of B. = oubain sensitive activity 
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Table 7.Assay for succinate dehydrogenase. 

Component 

1. potassium phosph~te 
succnic acid (Na salt) 
sucrose 
p-iodonitrotetrazoliurn violet 

2. ethyl acetate 

Assay:. 

A. Incubate 2.25 ml of 1 at 37° C. 

Amount 

55 mM 
55 mM 
25 mM 
.11% w/v 

B. Add .5ml sample and incubate for 
various times (0 to 30 min). 

C. Remove .5 ml aliqouts for each time 
point and add to 1 ml 10% TCA. 

D. Add 2 ml of 2. 
E. Centrifuge slow speed 5 min. 
F. Remove aliqout and read in 

spectrophotometer. 

Conditions: 

pH 7.4 
temperature 37° C 
wavelength 490 nm 
Extinction 20.l 
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Table 8. Assay for NADPH cytochrome c reductase. 

Component 

L potassium phosphate 
EDTA 

2. cytochrome c 

3. NADPH 

Assay: 

A. Add .5ml of 1, .1 ml of 2, .1 ml 
of 3, .2 ml of distilled water 
and .1 ml sample to cuvette. 

B. Record decrease in absorbance 
over time. 

Conditions: 

pH 7.7 
temperature 25° C 
wavelength 550 nm 

Unit definition: 

A change of 1.0 absorbance /min 
equals .0476 umoles of cytochrome 
c reduced /min. 

Amount 

100 mM 
2 mM 

17.84 mg/4 ml 

3 .3 mg/4 ml 
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Table. 9. Assay for acid phosphatase. 

Component Amount 

1. Citric acid 9 mM 
KCl 10 mM 

2. p-nitrophenol standard 10 umole/ 

3. Na OH .1 N 

4. p-nitrophenol phosphate 4 mg/ ml 

Assay: 

A. Add .5 ml of 1 to .5 ml of 4 
and .2 ml of sample. 

B. Prepare a reagent blank. 

C. Incubate 30 min and then add 
5 ml of 3. 

D. Read absorbance and compare 
to standard curve. 

Conditions: 

pH 4.8 
temperature 2s0 c 
wavelength 420 nm 
Extinction 18.75 

Unit Definition: 
The calibration curve is expressed 
in Sigma units which equal 1 umole 
of p-nitrophenol/h. 

ml 
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Table 10. Assax for. lactate dehydrogenase •. 
Component Amount 

l. NADH .2mg/sample 

2. potassium. phosphate 100 mM 

3. sodium pyruvate 22.7 mM 
potassium. phosphate 100 mM 

Assay: 

A. Add 2.85 ml of 2 to 1, and .1 ml sample. 
B. Incubate 25 min. 
c. Add .1 ml of 3. 
D. Transfer to cuvettes and record absorbance 

for 3 min. 

Conditions: 

pH 7.5 
temperature 25° c 
wavelength 340 nm 

Unit Definition: 

One unit of LDH will cause a decrease 
of .001 absorbance/ min in 3 ml reaction 
and l cm lightpath. This unit is equal 
to .48 IU. 
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NON-ELECTROLYTE TRANSPORT BY BRUSH BORDER MEMBRANE VESICLES 

FROM BOVINE INTESTINE. 

by 

Aaron Jay Moe 

(Abstract) 

Transport properties of bovine intestinal brush border 

membranes were investigated. Isolation of brush border mem-

brane vesicles involved magnesium precipitation followed by 

a sucrose density gradient. Characterization by alkaline 

phosphatase activity (the brush border marker enzyme) showed 

7 fold enrichment over homogenate at the interface between 

38 and 42% sucrose. This fraction was employed to study 

transport of sugars and amino acids. Transport of D-glucose 

into an osmotica11y active space, was sodium stimulated, and 

inhibited by phloridzin, D-galactose, and D-xylose. Trans-

port of L-alanine was sodium stimulated and mediated by at 

least two systems. Apparent affinities for L-alanine trans-

port were .039, and .943 mM. Maximum velocities were 29.2, 

and 53.4 pmoles/mg protein/sec, for the two systems. Trans-

port of L-proline, L-lysine, L-methionine, and L-phenylala-

nine were sodium stimulated. Data indicated sodium indepen-

dent transport accounted for more influx of L-lysine, 

L-methionine, and L-phenylalanine than sodium dependent 

transport. Sodium dependent and sodium independent fluxes 



were equal for uptake of L-proline. Amino acid inhibition 

data indicated a common transporter for methionine, alanine, 

and phenylalanine. There was an additional methionine 

transport system not shared by alanine or phenylalanine. 

None of the amino acids effectively inhibited methionine up-

take. Data indicated praline was transported by system(s) 

not shared by the other amino acids. Bovine brush border 

membranes transported the amino acid analog alpha-methyl-am-

inoisobutyric acid by sodium stimulated processes. 
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